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Defect healing at room temperature in pentacene thin films 
and improved transistor performance 
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We report on a healing of defects at room temperature in the organic semiconductor pentacene. 
This peculiar effect is a direct consequence of the weak intermolecular interaction which is charac- 
teristic of organic semiconductors. Pentacene thin-film transistors were fabricated and characterized 
by in situ gated four-terminal measurements. Under high vacuum conditions (base pressure of order 
10~*mbar), the device performance is found to improve with time. The effective field-effect mo- 
bility increases by as much as a factor of two and mobilities up to 0.45cm^/Vs were achieved. In 
addition, the contact resistance decreases by more than an order of magnitude and there is a signif- 
icant reduction in current hysteresis. Oxygen/nitrogen exposure and annealing experiments show 
the improvement of the electronic parameters to be driven by a thermally promoted process and 
not by chemical doping. In order to extract the spectral density of trap states from the transistor 
characteristics, we have implemented a powerful scheme which allows for a calculation of the trap 
densities with high accuracy in a straightforward fashion. We show the performance improvement 
to be due to a reduction in the density of shallow traps < 0.15 eV from the valence band edge, while 
the energetically deeper traps are essentially unaffected. This work contributes to an understanding 
of the shallow traps in organic semiconductors and identifies structural point defects within the 
grains of the poly crystalline thin films as a major cause. 

PACS numbers: 73.61. Ph, 73.20.At, 73.61.-r 
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I. INTRODUCTION 

Organic electronics now rapidly enters the consumer 
markets. Field-effect mobilities in polycrystalline or- 
ganic semiconductors are comparable to the mobilities in 
hydrogenated amorphous silicon and the organic semi- 
conductors can be deposited by thermal evaporation or 
from solution at low costs on large areas. Pentacene 
and its soluble derivatives are among the most promising 
organic semiconductors for organic thin-film transistor 
applications. [l|, [1] 

Organic semiconductors are distinct in that they gener- 
ally consist of neutral molecules which interact by rather 
weak forces (predominantly Van der Waals forces). The 
energy associated with a Van der Waals bond is 10~^- 
10~^ eV, i.e. orders of magnitude smaller than the energy 
of a covalent bond (several eV).[3| Therefore, organic 
semiconductors are soft, have a low mechanic strength 
and a high compressibility, low melting and sublimation 
temperatures and a large thermal expansion coefficient. 
The weak interaction forces between the molecules not 
only enable low-cost processing but also lead to pecu- 
liarities such as the existence of at least four different 
pentacene polymorphs or an even negative thermal ex- 
pansion coefficient. 0, Q 

As in the case of amorphous inorganic materials, the 
charge transport in organic semiconductors can be de- 
scribed with a mobility edge or transport level concept. 
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In the case of crystalline small molecule organic semi- 
conductors such as pentacene, the mobility edge may be 
identified with the valence or conduction band edge and 
the charge carriers are transported in extended states. 
However, the charge carriers are transported in states 
above a mobility edge and are multiply trapped by and 
thermally released from trap states below the mobil- 
ity edge. Consequently, the conduction of charge in 
organic semiconductors and thus the transistor charac- 
teristics critically depend on trap states. Energetically 
deep traps influence the subthreshold swing of a device 
which needs to be sufficiently steep for a low power oper- 
ation. The density of shallow traps, on the contrary, 
can dominate the effective field-effect mobility. Trap 
states in organic semiconductors have long been a sub- 
ject of investigation.^ This topic is currently attract- 
ing much attention due to the crucial importance of trap 
states for the emer ging app lications of organic field-effect 
transistors. 

BBBMElIll The shallow traps m par- 
ticular are poorly understood. 

The density of trap states as a function of energy can 
be derived from the transistor characteristics. On the one 
hand, a density of states function can be postulated a pri- 
ori and the corresponding transistor characteristic can be 
simulated by means of a suitable computer program. The 
density of states function is then iteratively refined until, 
after a number of predictor-corrector loops, good agree- 
ment between the measured characteristic and the sim- 
ulated curve is achieved, [isl [T^ . [TH On the other hand, 
the density of states function can be calculated from the 
linear regime transfer characteristics in a straightforward 
fashion. A number of such extraction schemes has been 
suggested. [H, [13, [H, [ill This approach has the advan- 
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tage of giving an unambiguous result but, depending on 
the complexity of the extraction scheme, spurious errors 
may result from simplifying assumptions. 

Organic thin-film transistors (TFTs) are most often 
characterized after the samples have been exposed to am- 
bient air and in situ electrical characterization is very 
rare. [13, [2l| The organic semiconductors, however, are 
generally presumed to be sensitive to water vapor and 
oxygen. Moreover, the transistors are often characterized 
by two-terminal measurements which do not allow to dis- 
tinguish between contact effects and effects of the semi- 
conducting layer. The gated four-terminal method yields 
the field-effect conductivity and the effective field-effect 
mobility free from contact effects. It also allows for an 
extraction of the device contact resistance. [23. [23l. [2^ [25j 

For this work pentacene served as a prototypical small 
molecule semiconductor and we have investigated the 
performance of pentacene thin-film transistors by in situ 
gated four-terminal measurements. The corresponding 
trap states functions were derived with a straightforward 
extraction scheme which had been successfully used to 
understand trap states in hydrogenated amorphous sili- 
con. 



II. EXPERIMENTAL 
A. Device fabrication 

Pentacene from Aldrich (purum) was sublimation puri- 
fied twice and was introduced into the evaporation cham- 
ber soon after the purification. As substrates we used 
heavily doped Si wafers with a 260 nm thick Si02 layer. 
The substrates were cleaned with hot acetone and hot 
isopropanol (MOS grade) in an ultrasonic bath. Immedi- 
ately after the cleaning, the substrates were mounted on 
a sample holder and were introduced into the in situ de- 
vice fabrication and characterization system via the load 
lock (Fig. [1]). The evaporation chamber and the prober 
station were both separated from the load lock with a 
gate valve and were constantly kept under vacuum (base 
pressure w 3 x 10~*mbar). The vacuum in the evapora- 
tion chamber and in the prober station was maintained 
with a cryopump and a turbopump, respectively. The 
substrates were introduced into the evaporation chamber 
with transfer rod 1 and were placed on a shadow mask 
for the pentacene evaporation. A high precision mask 
positioning mechanism allowed for a proper adjustment 
of the mask with respect to the substrates. 

The substrates were kept in high vacuum for approx- 
imately 24 h prior to the device fabrication. After that 
time, also the pressure in the turbo-pumped load lock was 
« 3 X lO^^mbar. A 50 nm thick film of pentacene was 
evaporated through the shadow mask onto the Si/Si02 
substrates while the substrates were kept at room tem- 
perature. After the pentacene evaporation, the sample 
holder was positioned on a shadow mask for the gold 
evaporation with transfer rod 1 and the pentacene TFTs 




FIG. 1: In situ device fabrication and characterization system: 
pentacene thin-film transistors were fabricated and charac- 
terized electrically by gated four-terminal measurements at a 
base pressure of order 10~* mbar without breaking the high 
vacuum. 



were completed by evaporating 40 nm thick gold elec- 
trodes. 

The resulting transistor test structures are shown 
schematically in Fig. [21 The transistors consisted of a 
well-defined stripe of pentacene and had voltage sensing 
electrodes with little overlap to the pentacene film. It 
has been shown that the use of a "masked" pentacene 
film and a proper alignment of the electrodes is impor- 
tant for the four-terminal measurement. [25"| The channel 
length and width of the devices was L — 450 //m and 
W = 1000 /im, respectively. The voltage sensing elec- 
trodes were situated at (1/6)L and (5/6)L, such that the 
distance between these electrodes was L' = 300 /im. 

After the completion of the device fabrication, the sam- 
ples were transported to the prober station by means of 
transfer rod 1 and transfer rod 2 (Fig.[T]). 



B. Electrical cliaracterization 

For the electrical measurements we used a HP 4155A 
semiconductor parameter analyzer connected to five nii- 
croprobers at the prober station. Transfer characteris- 
tics in the linear regime were measured in steps of 0.2 V 
(drain voltage Vd = — 2V). In all cases, the forward and 
the reverse sweeps were measured. The integration time 
was 20 ms and the delay time was Os. In addition to 
the drain current Id, the voltage drops Vi and V-2 be- 
tween the grounded source and the two voltage sens- 
ing electrodes were measured at each gate voltage Vg 
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FIG. 2; Transistor test structure for the gated four-terminal 
measurements. The alignment was achieved by means of a 
high precision in situ mask positioning mechanism. The chan- 
nel length and width were L = 450 /xm and W — 1000 fim 
and the distance between the voltage sensing electrodes was 
L' — 300 ^m. With the voltage sensing electrodes, the poten- 
tials Vi and V2 were measured. 



(gated four-terminal measurement). All electrical mea- 
surements were carried out in the dark. 

A device was measured initially « 4h after the com- 
pletion of the pentacene evaporation. Subsequently, the 
same device was measured regularly (normally twice a 
day) for approximately one week while being kept in the 
prober station at « 3 x 10~* mbar in the dark. 

In some experiments, the effect of oxygen or nitro- 
gen exposure on the device characteristics was investi- 
gated. This was done by introducing a continuous flow 
of gas (pureness > 99.9999 Vol. -%) into the prober sta- 
tion through a leak valve, thus adjusting the partial pres- 
sure of the gas within the prober station. A few days 
prior to the device fabrication for the gas exposure ex- 
periments, the prober station was filled with the respec- 
tive gas through the leak valve in order to flush the gas 
supply line and the valve. The prober station was then 
re-evacuated and the supply lines were held at an over- 
pressure of 0.5 atm until the leak valve was opened in the 
experiment. 

In other experiments, the influence of annealing was 
explored by means of an electrical heating element on 
the sample holder tray in the prober station. 



III. PARAMETER EXTRACTION 

In this section, we elucidate the extraction of key pa- 
rameters from the device characteristics. Linear regime 
transfer characteristics are particularly interesting for 
the study of semiconductor physics, because the gradual 
channel approximation is valid which leads to a drastic 
simplification of the device physics. The two-dimensional 
problem is approximated by two one-dimensional equa- 
tions, i.e. Possion's equation for the charge distribution 
perpendicular to the insulator-semiconductor interface 
and a simple ohmic current-voltage relationship. 



A. Basic parameter extraction 

In single crystalline inorganic MOSFETs above a 
threshold voltage, essentially all the trap states are filled 
and the charge which is induced by the gate appears in 
the valence/conduction band. [2^ Both the constant mo- 
bility in the above threshold regime and the threshold 
voltage are important device parameters. This approach 
may also be valid in the case of organic single crystal 
transistors, i.e. organic field-effect transistors with a very 
low trap density. However, contact effects often severely 
affect the characteristics of these devices because of the 
low channel resistance. [27j 

As in the case of amorphous silicon field-effect transis- 
tors, the equations developed for single crystalline MOS- 
FETs are not suitable to describe organic TFTs due to 
the increased trap density. [1^, [H, [2^ Depending on the 
density of trap states, the majority of charge carriers in- 
duced by the gate may be trapped even at relatively high 
gate voltages, [ill Provided that contact effects are neg- 
ligible, the drain current of an organic TFT in the linear 
regime is given by 



Id = iW/L)aVd. 



(1) 



a is the field-effect conductivity which is the effective 
field-effect mobility fJ-eff multiplied with the total gate 
induced charge per unit area Ci{Vg — Vps), i.e 



/ie//C»(Vg - Vfb)- 



(2) 



Vfb is the fiatband voltage and Ci the capacitance per 
unit area. The effective field-effect mobility is one of 
the most important device parameters and, for a p-type 
semiconductor such as pentacene, /ie/ / can be written as 



free 



Pfree H~ Ptrapped 



Mo, 



(3) 



where Pfree and Ptrapped are respectively the density 
of free and trapped holes per unit area, /io is the 
extended state mobility. The effective field-effect mo- 
bility ^eff is expected to increase with gate voltage 
even at relatively high gate voltages, because the ratio 
Pfreel {Pfree + Ptrapped) incrcases as the valence band is 
bent towards the Fermi energy. [28j 

The fiatband voltage is the gate voltage which needs to 
be applied in order to enforce flat bands at the insulator- 
semiconductor interface. A non-zero flatband voltage can 
result from a difference of the semiconductor and the 
gate Fermi levels. More importantly, the flatband volt- 
age is influenced by charge that is permanently trapped 
at the interface or within the gate dielectric and only 
the latter contribution can explain the large shifts of the 
transfer characteristics that are sometimes observed in 
experiments. (30| The flatband voltage is approximately 
equal to the onset voltage of the device. The onset volt- 
age is deflned as the gate voltage, where the drain cur- 
rent, as a function of gate voltage, rises sharply if plotted 
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on a logarithmic scale. In the present work we assume 
that the flatband voltage is equal to the onset voltage. 

From a technological point of view it is useful to define 
a threshold voltage which marks the transition between 
the regime below threshold to the regime above thresh- 
old. In the above-threshold regime, the deep traps are 
filled and the field-effect mobility is less strongly depen- 
dent on gate voltage. The above-threshold regime in an 
organic TFT can be understood as being in between the 
below-threshold regime and the above-threshold regime 
of a single crystaUine M0SFET.[2^ It can be shown that 
the field-effect mobility in the above-threshold regime fol- 
lows a power law ^eff = ^{Vg — Vi)" and this allows for 
a refined extraction of the field-effect mobility and the 
threshold voltage ■ [IE S [Sli 

In this study we do, however, follow the IEEE Stan- 
dard for the characterization of organic transistors and 
materials. The field-effect conductivity can be calculated 
from 



WVd 



(4) 



With Eq. [5] and Eq. [5] /ig/ / can be approximated as 



L 



(5) 

WVdC, \dvjy- ^ ' 



Since this approach is frequently used it has the advan- 
tage that the values of fJ-eff can easily be compared. 
Moreover, the definition and extraction of a threshold 
voltage is not necessary. However, small errors in the 
absolute value of the field-effect mobility and its gate 
voltage dependence are to be expected since the deriva- 
tion rests on the assumption of a weak dependence of the 
field-effect mobility on gate voltage. [29] 

In an organic field-effect transistor, a significant frac- 
tion of the drain voltage Vd may drop at the contacts 
which can introduce significant errors when extracting 
the field-effect conductivity and the field-effect mobility. 
From gated- four terminal measurements, the conductiv- 
ity can be derived without error with Id = {W/ L')aV^. 
L' is the distance between the voltage sensing electrodes 
and = Vi — V2 the voltage drop between these elec- 
trodes (Fig. [2]). The contact-corrected field-effect con- 
ductivity is then given by 



L' 



W {Vi - V2) ' 



(6) 



The effective field-effect mobility ^e// is not influenced 
by contact effects when calculated from 



L' 



WiVi-V2)a \dVg 



did 



^ • (7) 



In the following we use the expressions "two-terminal 
conductivity" and "two-terminal mobility" as short hand 
for Eq. m and Eq. \5\ We furthermore use the abbrevi- 
ations "four-terminal conductivity" and "four-terminal 
mobility" for the quantities defined in Eq. [S] and Eq. [71 



The device contact resistance Rcontact was extracted 
from the four-terminal measurement and was compared 
to the device channel resistance Rchannei- We now as- 
sume a linear voltage drop all along the channel, i.e. from 
the source to the drain. With this assumption, the volt- 
age drop across the transistor channel is {Vi — V2)L/L' 
and the voltage drop at the contacts is Vd — {Vi—V2)L/L'. 
The contact resistance is thus given by 



Rc 



Vd - (Vi - V2)L/L' 



(8) 



(9) 



and the channel resistance by 

iV,-V2)L/L' 

^channel \ *^ g ) — y- 

B. Advanced parameter extraction 



The gate voltage dependence of the field-effect mobil- 
ity reflects the spectral density of trap states close to the 
valence band. A number of direct extraction schemes has 
been sug gest ed to obtain the underlying density of states 
function, [igj. UtI. [isi. Hoj In these approaches, the relevant 
energy scale is derived from the activation energy Ea{Vg) 
of the current (i.e. the field-effect conductivity) which 
is obtained from temperature dependent measurements. 
If, however, the electrical characteristics of a transistor 
change on a timescale comparable to the time of a tem- 
perature dependent measurement (hours), this approach 
is not suitable. 

Griinewald et al. have suggested an extraction scheme 
of high accuracy for amorphous silicon thin-film transis- 
tors which allows to convert a single linear regime trans- 
fer characteristic into the underlying density of states 
function, [s^, [H, [13] It is based on surprisingly few sim- 
plifying assumptions including: 

a) the gradual channel approximation, 

b) the semiconductor is homogenous normal to the 
dielectric-semiconductor interface, and 

c) insulator surface states only introduce an initial band 
bending without applied field, i.e. contribute to a non- 
zero fiatband voltage Vfb- 

Extraction schemes often rest on the abrupt approxima- 
tion: all the charge is assumed to reside in a region close 
to the dielectric-semiconductor interface of depth A(Vg). 
Griinewald's method, however, is not based on this sim- 
plification but takes proper account of the gate-induced 
band bending. In the following, the key equations of the 
extraction scheme are given. 

Within the Boltzmann approximation, the field-effect 
conductivity is given by 



exp 



kT 



dx. 



(10) 
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hole density p can be calculated as 
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FIG. 3: Sketch of the energetics near the Si02/pentacene 
interface: the application of a gate voltage Vg above the flat- 
band voltage leads to a bending of the valence band (VB) and 
of the conduction band (CB). At the interface {x — 0), the 
band shift is eV{x = 0) = eVo. Under these conditions, the 
energy E of specific trap states (dashed line) is raised at the 
interface such that it coincides with the Fermi energy Ef of 
the sample. 



Now Vg is the gate voltage above the flatband voltage, d 
is the thickness of the pentacene film, eV{x) is the band 
shift as a function of the distance x from the insulator- 
semiconductor interface and cto = <^{Vg = 0) is the con- 
ductivity at flatband. cfq can be approximated as 



(To = efiodNy exp 



Ev — Ep 
kf 



e^o Pfr 



(11) 



Nv is an effective density of extended states and Ey the 
energy of the valence band edge far from the insulator- 
semiconductor interface. The situation is depicted in 
Fig. [21 The complicated dependence of the band shift 
on the space coordinate x in Eq. [10] can be eliminated 
and an equation can be derived, which implicitly con- 
tains the interface potential V{x = 0) = Vb as a function 
of gate voltage: 



e,,d 



kT eslcTQ 



exp 



kT 



~ kT 
^iV')dV' 



(12) 



I is the thickness of the gate insulator and and es are 
the dielectric constants of the insulator and the semicon- 
ductor, respectively (see Ref. IH for a derivation of this 
equation). For each gate voltage, Eq. [T^j can be evalu- 
ated numerically and a value for the interface potential 
Vq is obtained. Eventually, we have the complete func- 
tion Vo = VoiVg). 

In most general terms, the total hole density p = 
Pfree + Ptrapped (volumc density) is 

/ + 00 
N{E)[fiE-eV)-fmdE, (13) 
-OO 

where N(E) is the density of states function. The total 



p{Vo) 



(14) 



i.e. by a numerical differentiation of the previously ob- 
tained set of data Vq = Vo(Vg).[3l| Differentiating Eg.fT^ 
with respect to the band shift yields 



1 dp{V) 
e dV 



N{E) 



df{E - eV) 



d{E - eV) 



dE. 



(15) 



Several deconvolution methods exist to solve this type of 
equation for N{E), e.g. with cubic sphne functions. [HI. 
|35[ However, for a slowly varying density of states func- 
tion (absence of monoenergetic states), the difference be- 
tween N{E) and dp/edV is expected to be relatively 
small on a logarithmic scale. [3al Consequently, we ob- 
tain the final result by a numerical derivation of p{Vo) 
with respect to the interface potential Vq according to 



1 dpjVo) 
e dVo 



N{E). 



(16) 



Within this zero temperature approximation, the band 
shift at the interface eVb is equal to the energy of the 
respective traps relative to the Fermi energy Ep of the 
sample, i.e. eVo = E - Ep (Fig. 

We have used Griinewald's method to interpret the 
current voltage characteristics from pentacene TFTs. We 
used the "four-terminal conductivity" as a starting point 
which allows to extract a density of states function free 
from contact artifacts. A simple MATLAB® coding al- 
lowed for the calculation of the density of states function 
from Eq. [H [Mj and \M 



IV. RESULTS 

A. Improvement of the device performance with 
time 

Fig. [H shows the transfer characteristic from a pen- 
tacene TFT measured 4h and 140 h after the completion 
of the pentacene evaporation. The device was kept at 
3 X 10~* mbar all along. After 140 h, the device shows an 
increased on-current. In addition, the current hysteresis 
is reduced: at a current level of 10~^° A, the difference 
between the forward and the reverse sweep is 3.8 V after 
4h and 1.2 V after 140 h. The subthreshold swing is es- 
sentially unaffected by the high vacuum storage. There is 
a small shift of the onset voltage to more positive voltages 
from -6.4 V after 4h to -4.9 V after 140 h. 

An increase in on-current can be due to changes of the 
pentacene film and/or to a reduction of the device con- 
tact resistance. The gated four-terminal method can dis- 
entangle the field-effect conductivity and the device con- 
tact resistance. In Fig. [S] we show the "four-terminal con- 
ductivity" after 4h and after 140 h, as derived from the 



6 



6x10 
^ 4x10"' 

■o 

2x10"' 
Q 

10"^ 
10"' 

-; 10"' 

~ 10"^° 
10"^^ 
10"^^ 



1 1 1 1 1 


1 1 1 I 


140h 






/ - 






4 h 

^ - 




H — ^ — 1 — 1— 
140 h 


-\ — 1 — 




^^4h 




ml 
' If 








1,1. 


= -2V ^ 

1 . 1 n 



10 -10 -20 -30 -40 -50 
V (V) 

FIG. 4: Transfer characteristic from a pentacene TFT mea- 
sured 4 h andl40 h after tlie completion of tiie pentacene evap- 
oration. The storage under high vacuum conditions leads to 
an increased on-current and to a reduced current hysteresis. 
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FIG. 5: The "four-terminal conductivity" increases with time. 
The graph shows the "four-terminal conductivity" (circles) 
after 4 h and after 140 h. The dashed lines indicate the "two- 
terminal conductivity" for comparison. 



forward sweeps (Eq.[6|). The "two-terminal conductivity" 
(Eq. [?]) is shown for comparison. The "four-terminal con- 
ductivity" is increased after 140 h, which reveals changes 
of the pentacene film. The difference between the "four- 
terminal conductivity" and the "two-terminal conductiv- 
ity" is reduced after 140 h, indicative of an additional 
contact resistance reduction. 

Fig. [S] shows the "four-terminal mobility" derived with 
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FIG. 6: "Four-terminal mobility" (circles) as a function of 
gate voltage. There is a significant improvement in mobility 
with time. At Vg « —50V, the mobility increases from /i = 
0.22cm2/Vs after 4h to = 0.45cm2/Vs after 140 h, i.e. by 
a factor of two. The dashed lines show the "two-terminal 
mobilities" for comparison. 



Eq. [7] and the "two-terminal mobility" calculated from 
Eq. [5l As expected, the mobility increases monotonically 
with gate voltage. When comparing both measurements, 
a significant improvement in mobility can be ascertained. 
At Vg « -50 V, the mobility is n = 0.22cm2/Vs after 4h 
and /i — G.45cm^/Vs after 140 h, i.e. fi has increased by 
a factor of 2.[5ll| 

In Fig. [7] we show the width- normalized contact resis- 
tance RcontactW according to Eq. [8] and, for compari- 
son, the width- normalized channel resistance RchanneiW 
(Eq. [9]). There is a drastic reduction in contact resis- 
tance. At Vg — —50 V the contact resistance decreases 
by a factor of « 11 from 1.95 x 10^ 0cm to 1.81 x IQ-* 0cm. 
The channel resistance decreases by a factor of « 2. The 
channel resistance is always higher than the contact resis- 



tance: at = —50 V and after 4h the channel resistance 
is « 3 times larger than the contact resistance and after 
140 h it is « 17 times the contact resistance. Thus, the 
device is always dominated by the channel resistance. 



B. Influence on the density of states function 



In Sec. IIVDI and IIVEI we show, that the performance 
improvement is not due to doping by a residual gas but 
due to a healing of defects at room temperature. To in- 
vestigate the energetic position of these defects, we have 
applied the scheme described in Sec. IIII Bl The first step 
was to calculate the interface potential Vq as a function 
of gate voltage with Eq.[T2l We have assumed a dielectric 
constant of — 3.9 for Si02 and eg = 3.0 for pentacene. 
Fig. m^a) shows the result of the extraction for the mea- 
surement after 4h and after 140 h. In a second step, the 
density of states was calculated by two numerical differ- 
entiations of Vb(Vg) according to Eq . [HI and Eg . [TBI Some 
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on completely. Ea{Vg) shows a similar functional depen- 
dence on gate voltage as Vb(Vg) in Fig. [BTal.fTsl. [37l.l38j 

From Fig. ^h) it is clear that it is the shallow traps 
with energies approximately 0.15 eV from the valence 
band edge which are reduced by the high vacuum storage. 
It is the density of these states that influences the value 
of the field-effect mobility /ie//- A relatively small re- 
duction leads to a significant improvement in field-effect 
mobility. The traps which are deeper in energy are es- 
sentially unaffected, resulting in an almost identical sub- 
threshold swing of the transfer characteristics. 

Both after 4h and after 140 h, the density of states 
function can reasonably well be approximated by a single 
exponential function 



FIG. 7: Width-normalized contact resistance (triangles) after 
4 h and after 140 h. The contact resistance is drastically re- 



N{E) = TVoexp 



duced: at Vn 



-50 V it decreases by a factor of « 11. The 
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graph also contains the respective width-normalized channel 
resistances (circles) for comparison. The contact resistance is 
always lower than the channel resistance. 



degree of data smoothing was applied in order to obtain 
a reasonably smooth density of states function. Fig.[8l^b) 
shows the final result for the measurement after 4h and 
after 140 h. A step width of 0.2 V in the gate voltage 
sweeps leads to a good resolution of the deep states. 

The Fermi energy of the sample coincides with the zero 
point of the energy scale in Fig. . At high gate volt- 
ages, the valence band edge at the interface is close to 
the Fermi level. Consequently, the Fermi level is ap- 
proximately 0.45 eV from the valence band edge at flat- 
band. For comparison, the bandgap of pentacene is 2.24- 
2.5eV.[3^ The interface potential in Fig. [5fa) reflects 
the spectral density of trap states. At low gate voltages 
bands bend easily, which indicates a low trap density. At 
high gate voltages, however, band bending is more dif- 
ficult and this is indicative of a high trap density very 
close to the valence band edge. 

The energetics in Fig. [5fa) are in good agreement with 
activation energies Ea{Vg) from temperature dependent 
measurements of pentacene-based transistors. [IS. i37i. i38] 
In these studies the activation energy is derived from 
(T{Vg) oc eyi\){—Ea{Vg)/kT) by means of Arrhenius plots. 
Assuming the abrupt approximation, Eq. [TU] can be ap- 
proximated as 

/ Ev-Ef\ f' feV(x) , , 
a = e/LioiVy exp — / exp | — | dx 



kT 



kT 



« e^^oNvXiVg) exp ( - - E,- eVo ^^ ^^^^ 

and we have Ea{Vg) ~ Ey — Ep — cVq. The activation 
energy from the Arrhenius plots is approximately equal 
to the energetic difference between the Fermi level and 
the valence band at the interface. The activation en- 
ergy is found to be 0.3 — 0.6 eV near the onset voltage of 
the devices and 0.15 — OeV when the devices are turned 



It is however slightly steeper than exponential. Fitting 
the curves in Fig.EJb) for eVo > 0.25 eV to Eq. [18]yields 
the parameters Eq — 32meV for the measurement after 
4h and Eq = 37meV for the measurement after 140 h. 
This is in good agreement with results for pentacene 
TFTs obtained with a device simulation program. [s^ 
In Ref. 15, characteristic slopes of Eq = 34meV and 
37meV are specified and in Ref. [H a slope of Eq — 
32 meV was determined. 



C. Comparison of several experiments 

The effects described above, i.e. a significant increase 
in the "four-terminal mobility" , a drastic reduction in the 
contact resistance and a reduction in the current hys- 
teresis, have been observed in all experiments. Fig. [5] 
shows the evolution of the "four-terminal mobility" and 
the contact resistance with time for four different runs. 
The values are for Vg ~ — 50 and are normalized by the 
value obtained after « 4 h. [52| A time span of at least 4 h 
was allowed in between subsequent measurements. The 
absolute values for the mobility and the contact resis- 
tance from the initial measurement are summarized in 
Table H 

TableUalso contains the respective onset voltages. Ini- 
tially, the onset voltage is between —4.1V and —6.4 V 
and shifts in all cases by less than 2.5 V during the course 
of an experiment. The reduction of the current hysteresis 
takes place in the early stages of the experiments. In all 
four runs, the current hysteresis is significantly reduced 
after the first w 24h to 1.0 — 1.5 V at a current level 
of 10"^" A. Subsequently, there is only a small further 
reduction of the current hysteresis. 

We now proceed by providing experimental evidence 
that the performance improvement is not due to doping 
of the pentacene thin films by residual oxygen or nitro- 
gen and show that the performance improvement is a 
thermally promoted process. 
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(a) (b) 




|V-V,J{V) eV„.E-E,(eV) 

FIG. 8: (a) Interface potential Vo as a function of gate voltage above flatband \Vg — Vfb\ for the measurement after 41i and 
after 140 h. (b) Density of trap states as a function of energy. The main panel shows the dp/edV data as a function of the band 
shift at the interface eVb on a logarithmic scale. The band shift at the interface is approximately equal to the energy of the 
traps above the Fermi energy of the sample, i.e. eVb ~ E — Ef- The quantity dp/edV is a good approximation of the density 
of trap states N{E). The high vacuum storage leads to a reduced density of traps close to the valence band edge. The inset 
show the trap densities on a linear scale. 



TABLE I: "Four-terminal mobility" /n, at Vg ^ -50V, 
width-normalized contact resistance at Vg = —50 V and 

onset voltage Von from the initial measurements of different 
experiments. The mobility increased by as much as a factor 
of 2 in the course of an experiment such that mobilities up to 
0.45cm'^/Vs were achieved. 



Run 


fii [cm^/Vs] 


RiW [Qcm] 


Von [V] 


1 


0.22 


1.95x10'' 


-6.4 


2 


0.24 


1.10x10^ 


-4.1 


3 


0.14 


3.03x10^ 


-5.1 


4 


0.14 


3.35x10^ 


-6.4 


Oxygen 


0.12 


3.98x10" 


-6.2 


Nitrogen 


0.10 


4.70x10^ 


-7.0 


Annealing 


0.10 


4.55x10^ 


-5.7 



D. Influence of oxygen and nitrogen 

Even at a pressure of order 10~^ mbar the time for 
the formation of a monolayer of residual gas molecules 
is less than ten minutes. [40] In the case of semiconduct- 
ing polymers experimental evidence indicates that doping 
leads to an increased field-effect mobility. (41|] This may 
be understood if one assumes the charge transport to 
take place by variable-range hopping and the doping to 
increase the density of states/hopping sites. [4l| In crys- 
talline small molecule organic semiconductors, however, 
charge transport in extended states has to be considered. 
Doping raises the Fermi level of the sample. This results 
in an increase of the (flatband) conductivity, since the 
density of free holes is increased (Eq. [11]). When the de- 
vice is turned on, however, the current flow is due to the 
gate induced holes and the holes from a chemical doping 
are negligible in Eq. [3| Thus it would not immediately 



be obvious how chemical doping would increase the field- 
effect mobility in pentacene. 

Both oxygen and nitrogen have been reported to have 
the capability of doping pentacene. Gas exposure is 
found to lead to a shift of the transistor transfer char- 
acteristic to more positive vo ltag es which corresponds to 
a shift of the Fermi level. [20l. l42j In other studies, an in- 
crease in conductivity of gas exposed pentacene thin-films 
or single crystals was observed in two-terminal measure- 
ments without gate-field induced charge. The increased 
conductivity is ascribed to an increased charge carrier 
density caused by doping. [H, [H, [4^ There seems to be 
no evidence that doping leads to an increased effective 
mobility in pentacene. Recent measurements on rubrene 
single crystals also show doping not to increase the field- 
effect mobility. [46j 

The issue of reversibility and the importance of light 
for the doping is not completely clear. Doping is observed 
when pentacene thin films are exposed to relatively high 
partial pressures (0.01 atm-1 atm) of oxygen or nitrogen 
in the presence of light. [H, [H, The doping effect 
by oxygen is reported to be negligible in the absence 
of light. [12, Ultraviolet photoelectron spectroscopy 
(UPS) before and after exposure to 5 x 10^^ mbar oxygen 
could not detect a lasting effect on the position of the en- 
ergy levels. [4^ According to Ref. [l^, exposing pentacene 
TFTs to an oxygen partial pressure of 10^^ mbar leads 
to a doping of the films. 

While the mobility increase in crys- 
talline/polycrystalline samples cannot be easily linked 
to chemical doping, a reduction of the contact resistance 
might be reconciled with doping. From inorganic 
semiconductor physics it is well known that doping close 
to a contact reduces the contact resistance. Moreover, it 
has been shown with UPS that oxygen, at a low partial 
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FIG. 9: Upper panel: "four-terminal mobility" at Vg « —50 V 
normalized by the mobility /ii of the initial measurement for 
four different runs. The lower panel shows, on a logarithmic 
scale, the respective values for the contact resistance 7? at 
Vg = —50 V relative to the contact resistance Ri from the 
initial measurement. The field-effect mobility increases with 
time and the contact resistance reduces with time in all ex- 
periments. There is some variation in the rate of the effects. 



pressure, can lead to a lowering of the injection barrier 
for holes at an Au/pentacene interface. [47| 

The results of our studies concerning the effect of gas 
exposure on the field-effect mobility and on the contact 
resistance are discussed in the following. If e.g. oxy- 
gen was responsible for the increase in mobility and/or 
reduction in contact resistance, an increase in the oxy- 
gen partial pressure should accelerate the rate of the re- 
spective process. Fig. [TU] shows the influence of oxygen 
on the "four-terminal mobility" and on the contact re- 
sistance (see Table. H] for the initial parameters). After 
41 h, the oxygen partial pressure was raised from a total 
turbo-pumped background pressure of order 10~^ mbar 
to 10~^ mbar. After 69 h, the partial pressure was in- 
creased to 10"'' mbar and eventually, after 98 h, the 
chamber was re-evacuated. The increase in oxygen par- 
tial pressure does not accelerate the gradual increase in 
mobility or the reduction in contact resistance. The 
dashed red line in Fig. [10] is an estimate for the time- 
dependence of the contact resistance if the sample had 
not been exposed to oxygen. Consequently, the increase 
in oxygen partial pressure even leads to a delay of the 
reduction in contact resistance. It is noteworthy that 
neither the small current hysteresis nor the subthreshold 
swing of the devices are effected by the oxygen exposure. 
Since oxygen at a partial pressure of 10~^ mbar for 28 h 



FIG. 10: Effect of oxygen exposure: the graph shows the 
"four-terminal mobility" at Vg ~ — 50V^ (upper panel) and 
the contact resistance at Vg = —50 V (lower panel) as a func- 
tion of time. The dashed red line is an estimate of the time- 
dependence of the contact resistance without oxygen expo- 
sure. The drastic increase in oxygen partial pressure neither 
leads to a more rapid increase in mobility nor to a more rapid 
decrease in contact resistance. On the contrary, the oxygen 
exposure slows down the decrease in contact resistance. In the 
inset we show the device onset voltage as a function of time. 
The increase in oxygen partial pressure does not lead to a 
sudden shift of the onset voltage which would be indicative of 
doping. 

and at a partial pressure of 10^"' mbar for 29 h appears 
not to accelerate the development of the device param- 
eters with time one would conclude that oxygen at the 
base pressure is not responsible for the performance im- 
provement. 

The inset in Fig.llOlshows the onset voltage for each of 
the measurements. The overall shift of the onset voltage 
is small and smooth (« 2.6Voverw 140h). In particular, 
there is no sudden shift of the transfer characteristic after 
an increase in oxygen partial pressure. Therefore, there is 
no evidence that oxygen at partial pressures < 10"'* mbar 
leads to a doping of the films. 

Fig. ill! shows the analogous experiment with nitrogen. 
After 50 h the nitrogen partial pressure was increased to 
10~^ mbar, followed by an increase to 10"'* mbar after 
69.5 h. After 98 h, the system was pumped down to the 
base pressure of order 10~^ mbar. The increase in nitro- 
gen partial pressure does not accelerate the increase in 
mobility or the reduction in contact resistance. Similarly 
to the oxygen experiment we have estimated the time- 
dependence of the contact resistance if the sample had 
not been exposed to nitrogen (dashed red line in Fig. Ilip . 
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FIG. 11: Effect of nitrogen exposure: a nitrogen partial pres- 
sure of 10"'' mbar leads to a slowing of the increase in mobility 
and decrease in contact resistance. The dashed red line is an 
estimate for the time-dependence of the contact resistance if 
the sample had not been exposed to nitrogen. The inset shows 
the device onset voltage. When the nitrogen partial pressure 
is increased to 10~® mbar, there is a sudden shift of the onset 
voltage which is indicative of doping. 

Clearly, the nitrogen exposure leads to a slowing down of 
the decrease in contact resistance. The nitrogen exposure 
leaves the small current hysteresis and the subthreshold 
swing unaffected. Residual nitrogen is not responsible 
for the performance improvement. 

The inset in Fig. [11] shows the device onset voltage as 
a function of time. When the nitrogen partial pressure is 
increased to 10~^ mbar there is a sudden shift of the onset 
voltage to more positive voltages by 1.2 V. We take this 
as evidence for doping by nitrogen at a partial pressure of 
10~^ mbar. When the pressure is increased to 10""* mbar, 
there is no additional marked shift of the onset voltage. 



E. Annealing at slightly elevated temperatures 

Annealing pentacene thin films at moderate tempera- 
tures (e.g. 50° C) results in an improved crystallinity of 
the films as seen by XRD . [isl. |49|. [soj When concentrating 
on the channel region adjacent to the gate dielectric in a 
field-effect transistor, the annealing is found to leave the 
mobility unchanged (Ref. or to lead to an increased 
mobility (Ref. |50( ). Since the interaction between the 
pentacene molecules is of the weak Van der Waals type, 
it is not too surprising that annealing at moderate tem- 
peratures leads to an improved crystallinity of the films. 



FIG. 12: Effect of annealing at 320 K: the increased temper- 
ature accelerates the increase in mobility and the decrease in 
contact resistance as indicated by the dashed red lines. 

Moreover, it seems plausible that structural defects can 
be "annealed" even at room temperature, which will ac- 
count for the effects we observe. In this scenario we would 
expect an acceleration of the performance improvement 
at higher temperatures. Fig. [12] shows the influence of 
such an annealing at 320 K (see Table H] for the initial 
parameters). After 44.5 h, the sample temperature was 
slowly raised from RT to 320K at a rate of 0.2°/min. 
Transfer characteristics were measured after the temper- 
ature of 320 K had been reached. After 104.5 h, the heat- 
ing was switched off, followed by a slow cooling of the 
sample to room temperature. Two effects can be dis- 
cerned in the annealing process. First, the overall level 
of the mobility and the contact resistance are affected 
by the increase in temperature since both quantities de- 
pend on temperature. Second, and more significant in the 
present context, is the rate of change: after raising the 
temperature, the increase in mobility and the decrease 
in contact resistance is accelerated significantly. This is 
indicated by the dashed red lines in Fig. [12] 

In an additional experiment (not shown), the sample 
temperature was raised from room temperature to 310 K 
after 45.5 h and was increased to 320 K after 74 h. Even 
at 310 K, which is not much above room temperature 
(w 297 K), the increase in mobility and the decrease in 
contact resistance is accelerated noticeably. 

All these results taken together clearly indicate an im- 
provement of the electronic parameters driven by a ther- 
mally promoted process, and not by chemical doping. We 
suggest this process to be a healing of structural defects. 
We now discuss the microscopic origin of the relevant 
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traps and suggest how a reduced trap density can lead to 
a reduced contact resistance. 



V. DISCUSSION 
A. Defect healing at room temperature 

Pentacene thin- films on Si/Si02 substrates are known 
to have a layered structure and the layers are parallel to 
the substrate. Within these layers, the molecules are ar- 
ranged in a herringbone pattern and are oriented almost 
perpendicular with respect to the substrate. It has been 
shown by high impedance STM that some of the pen- 
tacene molecules in the layers are displaced along their 
long molecular axis, while the two-dimensional packing is 
not disturbed. 9] With electronic structural calculations 
it could be shown that the displaced molecules result in 
traps < 0.1 eV from the valence band edge.Q 

In Sec. IIVBI we have shown that only the shallow 
traps < 0.15eV from the valence band edge are reduced 
during the high vacuum storage at room temperature. 
We suggest that a major cause of the shallow traps in 
pentacene thin films are pentacene molecules within the 
grains that are slightly misplaced, i.e. various types of 
structural point defects. Some of these defects are in a 
metastable state before relaxation. They require only a 
small amount of energy in order to align which can be 
provided by the thermal energy at room temperature. 
This is a direct manifestation of the weak intermolecular 
interaction which is characteristic of small molecule or- 
ganic semiconductors. The "annealing" of shallow traps 
at room temperature can easily explain the increase in 
the effective field-effect mobility. 



B. Defects and contact resistance 

In a simplistic view, the contact resistance is given by 
the energetic difference between the work function of the 
metal and the ionization energy of the pentacene. In 
reality, however, a clear correlation between the metal 
work function and the contact resistance is often not 
observed. [36| Interface states can significantly affect the 
energetics at the metal-pentacene interface. |24| In a top 
contact device, also the film resistance should contribute 
to the contact resistance. The film resistance in pen- 
tacene devices with gold top contacts has even been sug- 
gested to dominate the contact resistance. ^255 The situ- 
ation is illustrated in Fig. [T31 the hole injection at the 
source/pentacene interface is good, but the holes must 
cross the pentacene film in order to reach the channel at 
the insulator-semiconductor interface. The intrinsic mo- 
bility perpendicular to the molecular layers is lower than 
parallel to the layers. Combined with high trap densi- 
ties, this can result in a large resistance between the gold 
electrodes and the transistor channel. If the contact re- 
sistance is dominated by the film resistance, a reduction 




FIG. 13: Sketch of the different contributions to the total con- 
tact resistance. The holes must overcome a barrier associated 
to the gold/pentacene interface. The resistance of the 50 nm 
thick pentacene film adds to the total contact resistance both 
at the source and at the drain. 



in the density of hole traps is therefore expected to lead 
to a reduced contact resistance. 



VI. SUMMARY AND CONCLUSIONS 

Pentacene thin-film transistors were made by thermal 
evaporation, employing a high precision in situ mask 
alignment mechanism. The devices were characterized 
electrically by gated four-terminal measurements with- 
out breaking the high vacuum (base pressure of or- 
der 10~®mbar). Under the high vacuum conditions, 
the device performance is found to improve with time. 
Within approximately one week, the contact-corrected 
field-effect mobility improves by a factor of up to two 
and the device contact resistance typically decreases by 
more than an order of magnitude. In addition, the cur- 
rent hysteresis reduces significantly. We have shown that 
an increased partial pressure of oxygen or nitrogen does 
not accelerate the performance improvement. On the 
contrary, the gas exposure delays the decrease in contact 
resistance. Nitrogen was found to dope pentacene thin 
films at partial pressures as low as 10"^ mbar. Anneal- 
ing at a slightly elevated temperature (e.g. 320 K), on 
the contrary, leads to an acceleration of the performance 
improvement. 

Some defects within the pentacene "anneal" even at 
room temperature. This is a peculiarity of the physics of 
organic semiconductors, which is governed by the weak 
Van der Waals type interaction between the molecules. 
We have derived the spectral density of trap states from 
the "four-terminal conductivity" . The calculations show 
shallow traps < O.lSeV from the valence band edge to 
be significantly affected by the defect healing. We sug- 
gest these traps to originate from structural point de- 
fects, i.e. slightly misaligned molecules within the grains 
of the polycrystalline film. The effective field-effect mo- 
bility critically depends on the number of these shallow 
traps and a relatively small reduction results in a signifi- 
cant improvement of the mobility. The contact resistance 
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is likely to be dominated by the film resistance and also 
depends on the active traps within the film. 

The method to calculate the spectral density of traps 
is a powerful tool to further elucidate the origin of trap 
states in organic semiconductors, provided that contact 
effects are properly taken into account. It is particularly 
suitable to study metastable defects in organic semicon- 
ductors, because the density of states function can be 
derived from a single transfer characteristic in an unam- 
biguous fashion and with a minimal set of simplifying 



assumptions. 
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